A number of polypeptides synthesized specifically in Trichoplusia ni multiple nucleocapsid nuclear polyhedrosis virus (T. ni MNPV)-infected Spodopterafrugiperda cells are phosphorylated both early and late in infection. Certain non-structural proteins and the major basic internal protein are the main phosphoproteins detected in infected cells. The polyhedron protein was not phosphorylated. Many cell proteins continue to be phosphorylated throughout infection. Pulse--chase experiments have shown that some polypeptides are stably phosphorylated whereas other polypeptides (including the major basic protein) have phosphates which cycle on and off. One polypeptide was substantially labelled only after a chase with unlabelled orthophosphate. Fractionation of cells into nucleus and cytoplasm showed that polypeptides located in both the cytoplasm and nucleus were phosphorylated.
INTRODUCTION
Phosphorylation can markedly alter the structural and enzymic functions of proteins. Such a post-translational modification introduces a high free energy of hydrolysis of protein phosphate. Since baculoviruses are complex viruses (Tinsley & Harrap, 1978) , and they apparently possess protein kinase activity associated with virus particles (Miller et al., 1983; Wang, 1984) it was probable that phosphorylation of baculovirus intracellular specific polypeptides would occur.
The actual role and state of phosphoproteins in baculoviruses is unclear. The polyhedron protein is the major structural protein of the whole virus and early reports using [32p]orthophosphate-labelled granulosis virus purified from insects showed that the protein is phosphorylated Tweeten et al., 1980) . Later Dobos & Cochran (1980) were unable to show that the polyhedron protein of a nuclear polyhedrosis virus (NPV) phosphorylated. Recently, Maruniak & Summers (1981) claimed that the purified polyhedron protein was phosphorylated although no evidence of its intracellular phosphorylation was obtained. Both Dobos & Cochran (1980) and Maruniak & Summers (1981) have shown that some ten or so proteins associated with virus particles extracted from cells are phosphorylated.
We have examined the phosphorylation of polypeptides present in baculovirus-infected cells with a number of objectives. Firstly, we wished to identify clearly which proteins were phosphorylated and whether the association with phosphate was stable. We were particularly interested in the major nucleocapsid protein of the virus which is basic and rich in arginine and serine so providing a substrate suitable for phosphorylation, and the polyhedron protein which contains moderate amounts of arginine and serine /1976 . Secondly, we were interested in determining whether phosphorylation affects the distribution of infected cell-specific polypeptides (ICSP) between the nucleus and cytoplasm. Virus and cells. Trichoplusia ni multiple nucleocapsid NPV (MNPV) was grown and plaque-assayed in Spodoptera frugiperda cells as previously described (Kelly & Lescott, 1981; Kelly & Wang, 1981) .
Infection and radiolabelling of cells. One-million cells were allowed to grow overnight (about 16 h) at 28 °C in 25 cm z plastic Falcon flasks. The cells were infected at an m.o.i, of 50 p.f.u./cell by allowing 1 ml of inoculum to adsorb to the cell sheet at 22 °C. The inoculum was removed, the cell sheet washed, 2 ml of TC100 medium (Gardiner & Stockdale, 1975) added, and the flask was incubated at 28 °C until radiolabeUing commenced. To radiolabel with phosphate (routinely 500 ~tCi in 1 ml) the isotope was added in phosphate-free TC100.medium (comprising normal amounts of soluble and insoluble amino acids and vitamins, no bactotryptose broth, 2~ dialysed calf serum, with normal salts except that NaH2PO4 was omitted). To radiolabel with amino acids the radiolabel (routinely 5 ~tCi of xaC or 25 ~tCi of 35S in 1 ml) was added in TC100 containing 2~ dialysed calf serum, no bactotryptose broth and the appropriate amino acid omitted. Routinely, cells were pulse-labelled for 1 h. In cell fractionation studies 100 pCi [3SS]methionine was used. After the radiolabelling period the cells were washed in phosphate-buffered saline (PBS), drained, and scraped into 250 ~tl of electrophoresis sample buffer containing 2 (w/v) SDS, 2~ (v/v) 2-mercaptoethanol, 10~ (v/v) glycerol, 0.01 ~ (w/v) bromophenol blue in 1.0 M-Tris-HC1 pH 6-8. The samples were immediately disrupted by boiling for 2 min. Pulse-chase experiments were performed by radiolabeUing with [32p]orthophosphate as above and then removing the label, rinsing the cells three times in complete medium, and then incubating the cells in complete medium for the duration of the chase.
Polyacrylamide gel electrophoresis ofpolypeptides. Intracellular polypeptides and purified virus proteins were analysed on 16 cm-long 12~ polyacrylamide slab gels using the buffer system of Laemmli (1970) as previously described (Elliott et al., 1977) . Gels were stained with Coomassie Brilliant Blue to identify proteins and/or they were dried and examined by fluorography in the case of 3sS and 14C compounds, and autoradiography with 32p.
High voltage paper electrophoresis of phosphoamino acids. Samples were dialysed against deionized water, dissolved in 6 M-HC1 and finally incubated at 100 °C for 6 h. The sample was then lyophilized and the hydrolysates were dissolved in a marker mixture containing phosphoserine, phosphothreonine and phosphotyrosine at a concentration of 2 mg/ml in electrophoresis buffer. The phosphoamino acids were separated by paper electrophoresis. Ten ~tl of sample was applied to Whatman 3MM paper. Electrophoresis was performed at pH 3.6 for 2 h at 500 V in a buffer containing acetic acid, pyridine and water (50 : 2 : 945, by vol). Phosphoamino acid markers were analysed by staining with ninhydrin and 32p-labelled phosphoamino acids were identified by autoradiography.
Purification ofpolyhedra and virus particles. Virus particles and polyhedra were purified as reported in an earlier paper (Kelly & Lescott, 1983) . 32p-labelled polyhedra were purified from 3 x 106 cells grown in a 75 cm z Falcon flask to which 1 mCi 32p i was added from 24 to 30 h post-infection. Labelled virus particles were purified from 3 × 106 cells grown in a 75 cm 2 Falcon flask to which 250 ~tCi 32P i was added from 7 to 48 h after infection.
Fractionation of cells into nuclei and cytoplasm. Cells, infected at 50 p.f.u./cell and radiolabelled with 32P i or [3sS]methionine as described above, were rinsed in PBS and then scraped into 1 ml of reticulocyte standard buffer. One-hundred ~tl of this was removed, dissociated with an equal volume of electrophoresis sample buffer, and stored as the whole cell extract. The remainder of the sample was made to 0.3 ~ (v/v) with Tween 40 and 0.1 ~ (v/v) with sodium deoxycholate and the mixture kept on ice for 15 rain, vortexed on a mixer for 4 s and then incubated on ice for a further 15 rain. Nuclei were pelleted at 1000 g for 5 min and then washed twice in PBS. The nuclei and cytoplasmic fractions were precipitated by the addition of 5 vol. acetone and incubation overnight at -20 °C. The precipitates were pelleted at 2000g for 15 min, air-dried, and then redissolved in 200 ~1 of electrophoresis dissociation mixture. When these samples were run on polyacrylamide gels, 5 vol. of nuclei were compared with 1 vol. of cytoplasm so that comparable autoradiographic exposures could be made.
RESULTS

Phosphorylation of intracellular polypeptides
Baculoviruses sequentially induce some 30 or so polypeptides in infected cells (Carstens et al., 1979; Wood, 1980; Dobos & Cochran, 1980; Kelly & Lescott, 1981) . At least four phases of induction are recognized (for review, see Kelly, 1982) and Kelly & Lescott (1981) . t Classified by time of appearance as a phosphopolypeptide not necessarily equivalent to immediate-early (~), early (fl), late (~,) and very late (6) defined by function-blocking experiments (Kelly & Lescott, 1981) .
NS, Non-structural; S, structural.
times d u r i n g infection. A catalogue of infected cell-specific p h o s p h o p o l y p e p t i d e s is s h o w n in T a b l e 1. In addition, three p h o s p h o p r o t e i n s w i t h m i g r a t i o n similar to cell p h o s p h o p r o t e i n s were
detected whose i n c o r p o r a t i o n of 32p was e n h a n c e d . No additional polypeptide was phosphorylated late in infection (the polyhedron protein is synthesized from about 15 h). Phosphopolypeptide F was radiolabelled extensively on chasing.
To evaluate the stability of the phosphorylation, a pulse-chase experiment was performed where cells were radiolabelled with [32P]orthophosphate for 1 h at 13, 15 or 22 h post-infection and then subsequently chased for 1 to 3 h with a fourfold excess of unlabelled phosphate (Fig.  2) . The phosphate bound to phosphopolypeptide I was 'chased off'. The phosphate bound to a cell phosphopolypeptide (X below E) also appeared to be partially lost. In contrast, the phosphorylation of phosphopolypeptide F was markedly increased on chasing. The increase in phosphorylation of phosphoprotein F was not matched by the decreased phosphorylation of other phosphopolypeptides. The phosphorylation of the other polypeptides was not reduced on chasing, indicating that 32p was stably bound to these polypeptides. No evidence ofphosphorylation of the polyhedron protein was observed on direct radiolabelling nor on chasing.
Hydrolysis of the total phosphorylated polypeptides present in cells with 6 M-HC1 and subsequent high voltage electrophoresis to produce phosphoserine, phosphothreonine and phosphotyrosine demonstrated that threonine and predominantly serine were phosphorylated (data not shown).
Identification of phosphopolypeptides
Non-occluded virus particles released into the cell growth medium, and intact polyhedra were purified from cells incubated in the presence of [32p]orthophosphate. No substantial evidence of phosphorylation of either virus component was obtained. Phosphorylated polypeptides were sometimes detected in these preparations, although the pattern of phosphorylation varied from one sample to another and to obtain the patterns shown in Fig. 3 the gels were grossly overloaded in terms of protein and radioactivity to detect phosphoproteins. The pattern of phosphorylation resembled that of uninfected cells and our conclusion is that they represent traces of certain cell phosphoproteins. In infected cells, one major phosphoprotein (phosphopolypeptide I) had no cellular or ICSP counterpart when [35S]methionine was used to identify ICSP. The polypeptide did, however, coelectrophorese with the basic protein of T. ni M N P V , which is rich in arginine and serine and deficient in methionine and lysine , and radiolabelling of cells with these isotopes showed that its relative migration was similar to phosphopolypeptide I (Fig. 4) .
It would appear from these results that the ICSP phosphopolypeptides present in infected cells represent (with the exception of phosphopeptide I) non-structural proteins or cell proteins with altered accessibility for [32p]orthophosphate phosphorylation during infection.
Distribution of phosphopolypeptides between nucleus and cytoplasm
We investigated the intracellular distribution of phosphoproteins in cells for two reasons. Firstly, to see if phosphorylation was restricted to polypeptides which accumulate in either cell compartment, and secondly, to see if our inability to detect phosphorylation of the polyhedron protein was because it was masked in whole cells. Fig. 5 shows in lanes 7, 8, 9 and 10 a direct comparison of the phosphoproteins and [35S]methionine-labelled polypeptides 15 and 22 h post-infection. It can be seen that no phosphoprotein co-electrophoresed with the polyhedron protein, although two polypeptides which were substantially phosphorylated migrated just in advance and behind. A comparison of phosphopolypeptides C, D and E shows no alteration in their extent of phosphorylation at 15, 18 and 22 h, although the rate of production of the polyhedron protein was increasing. At 18 h, the polyhedron protein was barely found in the cell nucleus (lanes 2 and 3, Fig. 5 ). Most phosphopolypeptides were found in the nucleus. Phosphopolypeptide C was the only phosphopolypeptide of mol. wt. similar to the polyhedron protein found in the nucleus. To investigate further the intracellular distribution of the polyhedron protein, analysis was performed 15 and 22 h after infection (Fig. 6) . At 15 h the polyhedron protein, although present in the cells, was restricted to the cytoplasm whereas at 22 h it was found mainly in the nucleus. The distribution of phosphopolypeptides remained essentially unaltered at 15, 18 and 22 h, although phosphopolypeptide C, an early ICSP (if the ICSP is in fact the polypeptide phosphorylated), was found predominantly in the nucleus at the later time of 22 h post-infection. This polypeptide was present as a phosphoprotein in the nucleus 9 h after infection (data not shown). Polypeptide I, which corresponds to the major basic nucleocapsid protein, was found in the nucleus. 
DISCUSSION
Phosphorylation of polypeptides in T. ni MNPV-infected cells occurs extensively throughout the first 24 h of the replication of the virus. Although nine polypeptides were apparently phosphorylated exclusively in infected cells, no substantial evidence of phosphopolypeptides in purified virus particles or polyhedra was obtained.
This absence conflicts with conclusions derived in some earlier work. In this study we have shown that no phosphopolypeptide of identical size to the polyhedron protein exists in infected cells, and so it is not surprising that this protein is not found phosphorylated in purified polyhedra. Our results agree with those of Dobos & Cochran (1980) who also found that the only phosphorylated proteins present in polyhedra differed in mol. wt. to the essential polyhedron protein, and that the main component was a polypeptide 2000 higher in mol. wt. It is possible that it is this polypeptide, stated to be a contaminant by Dobos & Cochran (1980) , which Maruniak & Summers (1981) claim to be a phosphorylated derivative of polyhedron protein and which they have failed to resolve from the polyhedron protein.This protein was found by both Maruniak & Summers (1981) and ourselves to be in the nucleus from l0 h post-infection and it was not found phosphorylated to a greater extent later in infection. The polyhedron protein is not synthesized until at least 15 h and is then synthesized in increasing amounts for some hours after (Carstens et aL, 1979; Dobos & Cochran, 1980; Kelly & Lescott, 1981) .
The phosphopolypeptides found in 'purified' extracellular virus mainly seemed to represent low amounts of normal cell phosphoproteins. The profile shown in Fig. 3 is similar to that of Dobos & Cochran (1980) , who did not compare their virus with phosphopolypeptides found in infected or uninfected cells. The pattern observed by Maruniak & Summers (1981) was somewhat different although some of our preparations are similar, and the main virus phosphopolypeptides they observed have similar migration to cell polypeptides. We have not investigated the phosphoproteins associated with occluded virus, i.e. virus packaged in polyhedra, but the results obtained with purified polyhedra that contain this virus suggest no phosphorylation of the occluded virus.
Our main conclusion is that it is mostly non-structural proteins that are phosphorylated, although it is recognized that some of the novel phosphopolypeptides found in infected cells may represent cell proteins with altered accessibility for phosphorylation. It is only fl and ~ poly o peptides that appear to be phosphorylated. The only structural protein phosphorylated, the major basic nucleocapsid polypeptide, appears to be transiently phosphorylated in infected cells since the phosphate can be 'chased off' and the protein is not phosphorylated in purified virus particles. This polypeptide is not extensively phosphorylated by cell-and virus-associated protein kinases in an assay in vitro (X. Wang & D. C. Kelly, unpublished observation) and it may be that a major structural alteration occurs during phosphorylation on and off which renders the protein subsequently unable to be efficiently phosphorylated.
The phosphorylation of phosphopolypeptide F is curious in that substantial phosphorylation is only observed after a chase with unlabelled phosphate. Although a number of phosphopolypeptides lose phosphate under these conditions, the amount of phosphorylation of this polypeptide exceeds the loss from the other proteins. This indicates that the donor of the phosphate is probably not ATP (presumably the main donor readily manufactured from [32p]orthophosphate) and that the phosphate is probably obtained from another source, and in part this is not other virus-induced phosphoproteins.
Some of the phosphate present in infected cells occurs as phosphoserine and phosphothreonine, although phosphotyrosine was not detected. Although this in itself does not show that the phosphate is covalently bound to virus-specified proteins (because these were not purified from the cells), it is likely that some of the phosphate is covalently bound to virus proteins because they comprise a substantial quantity of the total of phosphoproteins detected on SDS gels (which would dissociate non-covalently bound phosphate).
The overall rate of phosphorylation in infected cells does not appear to be altered through infection, as evidenced by autoradiographs. Without separating all other phosphorylated derivatives from phosphoproteins, this is difficult to substantiate. The overall activity of protein kinase(s) in infected cells remains constant throughout infection (X. Wang & D. C. Kelly, unpublished observations), in keeping with the rate of protein phosphorylation remaining constant.
Presumptive baculovirus-infected cell-specific phosphoproteins were found in both nucleus and cytoplasm and it is obvious phosphorylation has no overall effect on the eventual destiny of these proteins in a cell. The basic protein was found in the nucleus as a phosphoprotein and the other phosphoproteins were found either in the nucleus or cytoplasm or both.
Recently, Miller et al. (1983) claimed that protein kinase activity was associated with baculovirus particles and that a protein of 54000 mol. wt. was radiolabelled in cells and in virus particles. We have been unable to confirm this, and consider that the protein kinase activity in baculovirus particles is there adventitiously and that the protein radiolabelled in the virus particles is not a substantial component of the virus and is probably a cell protein (Wang, 1984) .
Baculoviruses are yet another group of viruses in which phosphorylation of polypeptides occurs but for which no obvious functional changes are yet known for the phosphorylated state. The phosphorylation of the major basic protein (a DNA-binding protein; may be involved in the alteration of charge and configuration of the protein prior to binding to the viral genome. Other functional changes caused by phosphorylation of baculovirus structural proteins may occur early in infection where the complex invading virus and its associated protein kinase may phosphorylate structural proteins in a more specific fashion than in an in vitro assay, facilitating uncoating by altering the charge and configuration of structural proteins. As yet, we have not been able to detect phosphorylation of virus structural proteins in the first minutes of cell invasion.
